Objectives/Hypothesis: High-mobility group box 1 (HMGB1) is a chromatin-binding protein located in the cell nucleus. Following injury, immunocompetent cells secrete HMGB1 to the extracellular milieu under the stimulation of proinflammatory cytokines. Extracellular HMGB1 acts a danger signal that instigates the innate immunity and tissue repair. We previously reported HMGB1 in the vocal fold extracellular compartment between day 3 and day 7 following surgical injury. In this study, we further investigated the cell source of HMGB1 and the relationship of proinflammatory cytokine expression and HMGB1 translocation in wounded vocal folds.
INTRODUCTION
High-mobility group box 1 (HMGB1) is a 30-kDa chromatin-binding protein that organizes the DNA structure in the cell nucleus. When the body is under stress such as cellular damage, HMGB1 is secreted to the extracellular compartment and functions as a damage-associated molecular pattern molecule that signals the innate immune system to trigger a cascade of cell-mediated inflammation and healing response. [1] [2] [3] [4] [5] [6] HMGB1 can be passively diffused out of necrotic cells from early tissue damage. Immunocompetent cells, such as macrophages, can also actively secrete HMGB1 in response to the stimulation of proinflammatory cytokines. 7 Extracellular HMGB1 interacts with multiple cell surface receptors such as the receptor for advanced glycation end products, Toll-like receptor (TLR) 2, and TLR 4, which in turn activates the nuclear factor-jB (NF-jB) signal pathway. NF-jB is a transcription factor found in almost all mammalian cell types, 8 including human vocal fold fibroblasts. 9, 10 The NF-jB family of transcription factors plays a key role in the immune response by regulating a wide range of gene expression, including interleukins (ILs), tumor necrosis factors (TNFs), chemokines, growth factors, adhesion molecules, and inhibitors of apoptosis. In addition to its role in inflammation, extracellular HMGB1 plays an important role in soft tissue repair. HMGB1 promotes angiogenesis, neuronal differentiation, 11 and fibroblast and stem cell migration and proliferation. 12 Topical application of HMGB1 has been found to mitigate impaired wound healing in diabetic skin. 13 Stem cell therapy, for instance, has been proposed to harness the property of extracellular HMGB1 in creating a favorable environment for stem cells to repair or regenerate the wounded tissue.
We previously reported the temporal and spatial expression of HMGB1 in acute surgical vocal fold injury. 14 Vocal fold HMGB1 was observed to translocate from nuclear to cytoplasmic and from cytoplasmic to extracellular within the first 3 days and between day 3 and day 7 postsurgery, respectively. In the present study, we investigated the cellular origin of HMGB1 in surgically injured rat vocal folds using immunohistochemistry (IHC) in addition to the synergy of HMGB1 and two other cytokines in the induction and propagation of vocal fold inflammation and repair. Protein levels of proinflammatory cytokines IL-1b and TNF-a were measured up to 4 weeks after vocal fold injury using enzyme-linked immunosorbent protein assays (ELISAs).
Activated macrophages and fibroblasts have been documented as the primary cell types to release HMGB1 in response to injury in other parts of the body. 6 Given that both cells were populated in native and injured vocal fold lamina propria, [15] [16] [17] we hypothesized that activated macrophages and fibroblasts would be the primary cell source of extracellular HMGB1. We also hypothesized that the secretion of HMGB1 would be associated with a response of immunocompetent cells to the early accumulation of IL-1b and TNF-a in the injured lamina propria. Secreted HMGB1 is also known to induce an autocrine and paracrine stimulation of proinflammatory cytokines via the NF-jB signaling pathway. As such, we hypothesized that the protein levels of HMGB1, IL-1b, and TNF-a would be sustained in the wounded lamina propria beyond the acute phase of injury.
MATERIALS AND METHODS

Rat Vocal Fold Surgery
The animal study was approved by the institutional animal care and use committees of the University of WisconsinMadison (protocol MO2358) and of the University of MarylandCollege Park (protocol R-12-85). A total of 140 Sprague-Dawley male rats, 4 to 6 months old (450-500 g), were used in the study. Vocal fold injuries were created by following an established protocol. 18 In brief, animals were anesthetized and their vocal folds were injured bilaterally using a 25-gauge needle to strip the vocal folds until the thyroarytenoid muscle was exposed. At the endpoint of the study, animals were euthanized via CO 2 asphyxiation and larynges were removed immediately following euthanasia.
For histological analysis, a total of 12 rats were used. Two rats with injured vocal folds were euthanized at each of five postsurgery time points: 1 day, 3 days, 5 days, 1 week, and 4 weeks. An additional two animals were utilized as uninjured controls. For protein analysis of IL-1b and TNF-a, two additional postsurgery time points (2 days and 2 weeks) were included in the design to provide a finer time scale to understand the relationship of HMGB1 and other proinflammatory cytokines. Sixteen rats were euthanized as uninjured controls and at each of seven postsurgery time points (1 day, 2 days, 3 days, 5 days, 1 week, 2 weeks, and 4 weeks), respectively. A total of 128 rats were thus used for the protein analysis.
IHC of HMGB1 and Cell Markers
Colocalization of HMGB1, ED1, fibroblast-specific protein 1 (FSP1), and alpha smooth muscle actin (a-SMA) was assessed using immunofluorescent staining. ED1, also known as CD68, is a classical cell surface marker of tissue macrophages; FSP1, also known as S100A4, is a cytoplasmic calcium-binding protein and highly expressed in fibroblasts 19 ; a-SMA is known to be mostly expressed in vascular smooth muscle cells and activated myofibroblasts. 20, 21 Larynges were fixed in formalin and embedded in paraffin followed by 5-lm coronal sectioning. Only sections from the midmembranous portion of the vocal folds underwent staining. First, antigen retrieval using sodium citrate and heat was performed and primary antibodies were applied overnight at 48C (Table I) . The next day, slides were washed with phosphatebuffered saline (PBS) and corresponding fluorescence-conjugated secondary antibodies were applied for 60 minutes at room temperature. Slides were then washed with PBS again and mounted with VECTASHIELD Mounting Medium with 4,6-diamidino-2-phenylindole (DAPI; Vector Laboratories, Burlingame, CA) to preserve fluorescence and to label cell nuclei. Negative controls were processed identically without application of primary antibodies. All stained sections were viewed and photographed with an ECLPSE NI-U microscope and DS-QI1 microscope digital camera, respectively (Nikon, Tokyo, Japan).
Quantification of IL-1b and TNF-a Proteins
Microdissection procedures of vocal fold mucosae were performed. For each larynx, both vocal fold mucosae were dissected from the thyroarytenoid muscle under a stereo dissection microscope (Fisher Scientific, Pittsburgh, PA). Based on previous work, four pairs of vocal folds were necessary to give one pooled sample for cytokine protein analysis. Therefore, per each time point, 16 pairs of vocal fold mucosae were dissected to give four workable testing samples for protein extractions. Pooled samples were homogenized on ice and lysed using T-PER total protein extraction kit (Thermo Scientific, Rockford, IL) according to the manufacturer's instructions. Supernatant was collected and its protein concentration was measured using bicinchoninic acid (BCA) protein assay (Thermo Scientific) in duplicates. BCA data were used to normalize the downstream ELISA data for each corresponding sample. ELISA kits (Abcam, Cambridge, MA) were used to quantify IL-1b (ab100768) and TNF-a (ab100785) proteins by following the manufacturer's instructions. Briefly, 100 lL of standards, positive control, and testing samples were added to each well and incubated for 2.5 hours at room temperature. Wells were washed four times with wash buffer and incubated for 1 hour at room temperature with 100 lL of biotinylated detection primary antibody. Subsequently, wells were washed four times in wash buffer and incubated for 45 minutes at room temperature with 100 lL of horseradish peroxidase-streptavidin solution. Wells were washed as previously described and incubated for 30 minutes at room temperature with 100 lL of color solution. One hundred fifty microliters of stop solution was added to each well. Wells were read at 450 nm on a KC4 microplate reader (BioTek, Winooski, VT). Experimental samples were run in duplicate.
Statistical Analysis
One-way analysis of variance (ANOVA) was used to test differences in ELISA IL-1b and TNFa expressions across time. If F tests revealed significant differences, post hoc pairwise comparisons using Bonferroni adjustments were carried out. An a level of .05 was employed for F tests. Adjusted a levels of .007 were used to protect type I (a) error for post hoc analyses. All data met the assumptions of ANOVA.
RESULTS
Colocalization of HMGB1 and Cell Markers in Injured Rat Vocal Folds
Accumulation of positively stained ED1 and FSP1 cells was evident from day 1 though day 7 postsurgery (Fig. 1F , J, N, and R for ED1; Fig. 2F , J, N, and R for FSP1), concomitantly with the increase in HMGB1 staining (Fig. 1E, I , M, and Q). Starting from day 1 postsurgery, injured vocal folds revealed double-stained HMGB1-ED1 cells (Fig. 1G ) and HMGB1-FSP1 cells (Fig. 2G ) as compared to uninjured controls (Figs. 1C and 2C , respectively). Obvious cytoplasmic-to-extracellular deposition of HMGB1 was observed in the vicinity of ED1-positive ( Fig. 1M and Q) and FSP1-positive cells (Fig. 2M and Q) on day 5 and day 7 postsurgery. On day 14, both ED1-positive (Fig. 1V ) and FSP1-positive (Fig. 2V ) cells returned to baseline as compared to uninjured controls.
Positively stained a-SMA cells were primarily aggregated around blood vessel-like structures. a-SMApositive stains were not found in other regions of the lamina propria, as shown by the minimum number of cells costained with DAPI and a-SMA (Fig. 3H , L, and P). Accumulation of a-SMA-positive cells was first seen on day 1 (Fig. 3J ) and became more evident from day 5 to day 14 postsurgery (Fig. 3P, T, and X) . Minimal colocalization of HMGB1-stained and a-SMA-stained cells were observed at all postsurgical time points.
Time-Varying IL-1b and TNF-a Quantities in Injured Rat Vocal Folds
Both IL-1b and TNF-a showed significant overall differences (P .05) in expression across time points (Figs. 4  and 5 ). Compared to uninjured controls, significantly increased IL-1b expression was observed at the 2 days (P 5 .007) postinjury time point. TNF-a protein levels significantly increased at 1 day (P 5 .007) and 2 days (P 5 .001) postinjury time points. Both IL-1b and TNF-a was not significantly different from their uninjured controls at 3 days postinjury onward.
DISCUSSION
The objective of this study was to characterize the cell source and the roles of extracellular HMGB1 in vocal fold injury using a common rat injury model. Our IHC results showed that ED1-positive and FSP1-positive cells represented the major cell populations in postsurgical rat vocal folds (Figs. 1 and 2) . Concurrently, an active cytoplasmic-to-extracellular translocation of HMGB1 was observed between day 5 and day 7 that was similarly seen in our previous HMGB1 IHC results.
14 Vocal fold macrophages and fibroblasts were a major source of extracellular HMGB1 in wounded vocal folds.
Conversely, minimal colocalization of HMGB1-positive and a-SMA-positive cells was observed in this study, indicating that this group of cells did not strongly secrete HMGB1. a-SMA is known to stain myofibroblasts and smooth muscle cells in blood vessel walls. 20, 21 A myofibroblast is a morphologically and functionally distinctive form of a fibroblast such that during tissue repair, a fibroblast differentiates partially into a smooth muscle cell. 22 In this study, cells stained with a-SMA were mostly observed around capillary-like structures but not in the lamina propria, suggesting that those a-SMA-positive cells were vascular smooth muscle cells (Fig. 3G , H, O, P, S, and T). Previous in vitro studies suggested a strong expression of a-SMA in vocal fold fibroblast-myofibroblast differentiation. 23, 24 Interestingly, a-SMA-expressed myofibroblasts were barely observed in the lamina propria in the literature of in vivo vocal fold scarring. 16, 25 In general, stromal cells including fibroblasts express diffuse a-SMA. 26 The phenotype of myofibroblast is defined when the a-SMA is incorporated into the actin stress fibers and the cytoskeleton microfilament structure becomes visible. 27, 28 One possibility is that the a-SMA is not yet fully incorporated into the actin stress fibers at day 14, and thus the fibroblast-myofibroblast differentiation may only be detectable at a very late stage of tissue repair, beyond the time point of the current study. In addition, at day 14 a cell population of HMGB1-positive cells that were ED1-negative, FSP1-negative, or a-SMA-negative were observed. Those cells may be the macrophages or fibroblasts that are in the transition of their phenotypes during this stage of tissue remodeling and they thus did not express a high level of classical IHC cell markers. Further study is required to understand the heterogeneity of macrophages and fibroblasts in vocal fold wound healing.
In addition to the cell source of HMGB1, the synergy of HMGB1 and proinflammatory cytokine IL-1b and TNF-a was examined. Compared to the uninjured controls, protein levels of IL-1b and TNF-a significantly increased at day 1 and day 2, respectively. Concurrently, our previous ELISA results indicated that the nuclearcytoplasmic translocation of HMGB1 peaked at day 3 and then the translocation activity diminished from day 5 postinjury onward.
14 The 3-day peak of cytoplasmic HMGB1 may be an active response to IL-1b and TNF-a stimulation in addition to the release by necrotic cells. In addition to acting as an early trigger of inflammation, HMGB1 is also reported to be a late-acting, downstream modulator of tissue repair. 29, 30 In vitro studies have shown that exogenous HMGB1 stimulates the synthesis of proinflammatory cytokines from human monocytes as well as the proliferation and migration of 3T3 fibroblasts. 32 The role of HMGB1 as a late mediator of inflammation and repair has opened a new avenue for the development of HMGB1-target therapeutics for fibrotic diseases. 33 If vocal fold HMGB1 also has aforesaid dual roles, temporal expression of cytoplasmic HMGB1, IL-1b, and TNF-a should be bimodal in our animal data. We found protein levels of cytoplasmic HMGB1, IL-1b, and TNF-a peaked within the first 3 days but then started to decline to levels comparable to uninjured controls. An apparent rebound of cytoplasmic HMGB1 at day 7, IL1b at day 14, and TNF-a at day 28 postinjury was observed. The amount of the increase, however, was not statistically significant compared to those of uninjured controls. A similar rebound of IL-1b protein level has been reported in a rabbit vocal fold study, 34 in which the level of IL-1b peaked at day 1 and rebounded at day 14 following surgery. One speculation is that a high-level HMGB1 secretion is necessary to trigger a full-blown inflammatory response at the acute phase of injury. Alternatively, low-level HMGB1 secretion may be beneficial and necessary to sustain the synthesis of proinflammatory cytokines for the ongoing tissue repair process.
Nevertheless, the interactions of HMGB1 and other proinflammatory cytokines will need further in vitro and in vivo studies to systematically block HMGB1 and other cytokine functions to decipher their regulatory relationships. Small interfering RNAs, for instance, were used to knock down HMGB1 or TNF-a functions in mice with acute liver failure. Results showed that a synergistic relationship of TNF-a and HMGB1 and the positive feedback loop of these two cytokines further amplified the downstream proinflammatory signals in acute liver injury. 35 This investigation has a limitation that warrants discussion. Cell surface marker FSP1 was used to identify the fibroblast phenotype in the present study. FSP1 has been widely accepted as a fibroblast-specific marker. 19, 36 However, monocytes and macrophages can also be positively stained with FSP in other soft tissues. 34, 37 In the vocal fold literature, macrophages were reported to be minimally migrated or proliferated in injured rat and porcine vocal folds using IHC staining. 16, 38 Given that fibroblasts are known to dominantly present over the course of inflammation and healing, 16 we thus assumed that macrophages constituted a negligible population of FSP1-positive cells in this study. 39 We are, however, cautious that a subpopulation of macrophages might express FSP1 in acute inflamed vocal folds. Further work is currently being undertaken to use multiparameter flow cytometry with better sensitivity and specificity to characterize cell subpopulations in surgically injured vocal folds. Computational models are concomitantly used to numerically simulate the cellular and biochemical dynamics of vocal fold injury and repair. 40, 41 Simulation results will enable a deeper mechanistic understanding of the cytokine rebound phenomenon. Further investigation determining which specific receptor(s) is (are) activated by HMGB1 in vocal fold macrophages or fibroblasts, as HMGB1 interacts with multiple surface receptors in triggering the production of cytokines, is warranted. The work will elucidate the roles of HMGB1 in vocal fold repair and direct the design of HMGB1-targeted therapies for vocal fold injury and fibrosis.
CONCLUSION
In surgically injured vocal folds, the danger signal HMGB1 was secreted by the native and infiltrated macrophages and fibroblasts and was likely related to the stimulation of IL-1b and TNF-a during the acute phase of wound healing. In addition, HMGB1 may act as a late mediator to incite ongoing vocal fold repair by inducing a low level of IL-1b and TNF-a during the subacute phase of the injury. Determining mechanisms of HMGB1 release and signal pathways for HMGB1-mediated inflammatory responses is warranted for further studies. 
